An analytical band Monte Carlo (AMC) with linear energy band dispersion has been developed to study the electron transport in suspended silicene and silicene on aluminium oxide (Al 2 O 3 ) substrate. We have calibrated our model against the full band Monte Carlo (FMC) results by matching the velocity-field curve. Using this model, we discover that the collective effects of charge impurity scattering and surface optical phonon scattering can degrade the electron mobility down to about 400 cm 2 V −1 s −1 and thereafter it is less sensitive to the changes of charge impurity in the substrate and surface optical phonon. We also found that further reduction of mobility to ∼100 cm 2 V −1 s −1 as experimentally demonstrated by Tao et al (2015 Nat. Nanotechnol. 10 227) can only be explained by the renormalization of Fermi velocity due to interaction with Al 2 O 3 substrate.
Introduction
Silicene, an atomic layer of silicon has generated strong interest in the scientific community in recent years. The interest stems mainly from the striking similarities between graphene and silicene such as the existence of linear dispersion near the Dirac point for freestanding silicene. Unlike graphene, opening the bandgap of silicene is easier and can be achieved by applying a perpendicular electric field due to the buckled honey-comb lattice [1] . Besides, the quantum spin Hall effect is stronger in silicene compared to graphene because of its larger spin-orbit coupling [2] [3] [4] . More importantly, it is expected that silicene will more easily fit into the current silicon-based electronics technology than graphene.
To date, most of the theoretical works on silicene focused on electronic, thermal and structural calculations [5] [6] [7] [8] [9] , while most experimental works are dedicated to growing silicene [10] [11] [12] [13] . Theoretical as well as experimental works on charge transport in silicene are not widely reported. Li et al have developed a full band Monte Carlo (FMC) model to study the electron transport of a suspended silicene sheet [14] . The simulation predicts an electron mobility of about 1000 cm 2 V -1 s -1 . However, practical applications requires silicene to be deposited on top of a dielectric substrate. The substrate is known to have a profound impact on the carrier mobility induced by an additional scattering mechanism such as surface optical phonon scattering and charge impurity (CI) scattering [15] [16] [17] [18] . The first silicene field effect transistor (FET) was successfully demonstrated by Tao et al in early 2015 [19] . The silicene is grown on Ag(111) thin film on mica and subsequently capped with Al 2 O 3 . Then the Al 2 O 3 / silicene/Ag stack is peeled off and placed on top of a SiO 2 /Si substrate with the Al 2 O 3 layer in contact with the SiO 2 . The Ag is etched, leaving an exposed silicene channel on top of Al 2 O 3 . Further studies by the same group revealed that the silicene degrades in about 2 min. Therefore all the measurements are done within this time window to capture the charge transport characteristics of the silicene FET. The silicene FET formed using this method exhibits a room temperature mobility of ∼100 cm 2 V -1 s -1 , which is about an order of magnitude lower than the predicted mobility for a pristine silicene sheet. Recently, using density functional theory (DFT), Chen et al demonstrated that silicene on top of Al 2 O 3 will experience structural reconstruction which in turn results in a gapped Dirac cone at the K points and also the occurrence of a mini gap in the band structure, significantly reducing the Fermi velocity [20] . They identified that surface phonon scattering may also contribute to the degradation of silicene mobility but no further research was carried out to study its effects on the charge transport in silicene.
In this paper, we conduct a systematic study on the electron transport in suspended silicene and silicene on Al 2 O 3 by using the AMC method which offers a much faster computational time compared to the full band method. Our simulations show that the charge impurity in Al 2 O 3 as well as the surface optical phonon scattering can only degrade the silicene mobility to around 400 cm 2 V −1 s −1 . Further reduction of the mobility is attributed to the lowering of Fermi velocity due to the interaction of silicene with Al 2 O 3
Simulation method
The general aspect of the Monte Carlo simulation for carrier transport in semiconductors has been described elsewhere [21] [22] [23] . In this work, 20 000 super particles are injected into the semiconductor as a representation of the electrons in the semiconductor. In the Monte Carlo method, a random number is drawn for each particle to determine its free flight time which will be terminated by a scattering event. During the free flight time, the carrier is allowed to drift under the influence of the electric field. The scattering event that terminates the free flight is chosen by generating a random number between 0 to 1 from a pre-computed probability of the scattering event as a function of energy. After the scattering, the carrier energy and momentum will change depending on the chosen scattering mechanism. If self-scattering is selected, the particle resumes the free flight. This procedure is repeated for all particles and statistical sampling is done for each time interval of 5 fs. All of our simulations are carried out at 300 K.
Analytical band Monte Carlo model
Our simulation in the present work is based on a low energy model where we only consider the linear energy dispersion close to the Dirac point given as:
,  is the reduced Planck's constant and k is the magnitude of the wave vector relative to the K point in k-space. In our case, the carrier energy can be approximated by the linear dispersion since we only consider the low field transport regime where the carrier energy is limited to 0.2 eV. The scattering mechanisms considered in this model are charge impurity (CI) scattering induced by the substrate, surface optical phonon scattering as well as intrinsic optical and acoustic phonon scattering. As for the intrinsic optical and acoustic phonon scattering, three acoustic modes i.e. out-of-plane acoustic (ZA), transverse acoustic (TA), longitudinal acoustic (LA) and three optical modes i.e. out-ofplane optical (ZO), transverse optical (TO), longitudinal optical (LO) are included into the model. All the scattering mechanisms are assumed to be isotropic.
In the case of the intravalley acoustic phonon, the scattering rate is calculated using [14] :
where ρ = 7.2 × 10 −8 g cm −2 and v s is the sound velocity for either the ZA, TA or LA mode. The intervalley acoustic phonon scattering rate as well as the intervalley and intravalley optical phonon scattering rate is given by the following expression [14] :
where, ( ) Q x is the Heaviside function, N v is the BoseEinstein distribution for the phonons and ω s takes the respective phonon energy at the K-point for the LO, TO and ZO mode. Both effective deformation potential, D 1 and D f in (2) and (3) are treated as fitting parameters. Similar to graphene, assuming the impurity is uniformly distributed in the substrate with concentration of n imp , CI scattering due to the Al 2 O 3 layer can be modelled in the following form [24] :
Silicene deposited on top of Al 2 O 3 is expected to experience surface optical phonon scattering due to the oxide layer. This scattering rate is computed using equation (3) and the scattering parameters are tabulated in table 1. Figure 1 shows the average drift velocity of suspended silicene as a function of electric field. To date, there are no experimental results on the silicene drift velocity. Therefore our calculations are fitted against the full band results using D f and D 1 as fitting parameters. The inset in figure 1 shows the silicene electron energy as a function of electric field. The electron energy varies linearly with the electric field since we are approximating a linear dispersion at the vicinity of the K-point. The maximum electric field used in our simulation is 40 kV cm −1 which corresponds to the electron energy of 0.11 eV. At this energy, the linear dispersion is still valid based on the silicene band structure calculated by Lew Yan Voon et al [25] .
Validation of the model
The parameters used in this simulation for suspended silicene are listed in part of table 1 taken from the work of Li et al [14] .
Results and discussions
For Al 2 O 3 , the substrate surface phonon energy is taken as 48.18 meV [26] . The deformation potential for Al 2 O 3 surface optical phonon scattering is unknown. Assuming the impurity density, n imp is 10 12 cm −2 [27] , we calculated the silicene electron mobility for a range of surface optical phonon deformation potential, taking graphene as a benchmark, the upper limit (lower limit) of the deformation potential used here is more than 50% higher (lower) than the upper limit (lower limit) of the deformation potential used for graphene simulation in (See figure 2(a) ) reference [28] .
There are no significant changes to the electron mobility, although the surface optical phonon deformation potential is varied by as much as four orders. Also, the mobility does not degrade to ∼100 cm 2 V −1 s −1 in contrast to the experimental results by Tao et al [19] . Although the experimental results from [19] speculate the existence of a finite bandgap in silicene, the linear dispersion in (1) is still valid since silicene on Al 2 O 3 substrate exhibits a gapped Dirac cone [20] . Similarly, we calculated silicene mobility by assuming D f = 2 × 10 8 eV cm −1 for Impurity n imp (×10 12 cm −2 ) 1 Figure 1 . Validation of our AMC model against the FMC model from reference [14] . Inset is the average electron energy as a function of electric field. The black line in the inset serves as a guide to eye only. . However, typically the charge impurity in a dielectric substrate is usually not higher than 10 12 cm −2 [27, 28] . Clearly scattering induced by a Al 2 O 3 surface optical phonon and charge impurity may not be the only factors causing the electron mobility degrading to ∼100 cm 2 V −1 s . This corresponds to ∼40% reduction of the pristine silicene Fermi velocity. The material parameters used to simulate the electron transport properties in silicene on Al 2 O 3 are also tabulated in table 1. Figure 3 shows the comparison of velocity-field curves for suspended silicene and silicene on Al 2 O 3 . Commensurate with the Fermi velocity reduction, the drift velocity also reduces drastically. For instance, the drift velocity drops from 5.1 × 10 6 cm s −1 to 2 × 10 6 cm s −1 at 40 kV cm −1 when the Fermi velocity reduces to 3.4 × 10 7 cm s −1 . At this point, it is interesting to evaluate the dependence of silicene mobility on the Fermi velocity. Figure 4 shows the silicene electron mobility as a function of Fermi velocity. The Fermi velocity has a profound impact on silicene mobility. The mobility varies linearly with the Fermi velocity at the rate of 125 × 10 −5 cm 2 V −1 s −1 /cms −1 . We now turn our attention to the scattering mechanism of the pristine silicene and silicene on Al 2 O 3 . Figure 5 (a) plots the percentage of scattering event for different electric field for suspended silicene. Self-scattering is the dominant scattering mechanism at low field but as the field increases it starts to reduce. In contrast, the number of acoustic phonon scattering processes become progressively more important as the electric field increases. Above 35 kV cm −1 , both scattering mechanisms converge where each of the processes contributes ∼49% of the total scattering event. Optical phonon scattering is not a significant scattering mechanism in suspended silicene. This process contributes less than 1% of the total scattering event at low field and only increases to 2% when the electric field reaches 40 kV cm −1 . Similarly, the dominant scattering process for silicene on Al 2 O 3 is selfscattering as shown in figure 5(b) . However, one striking difference is that for the electric field up to 40 kV cm −1 , the percentage of self-scattering and the acoustic phonon scattering process do not saturate although upon closer inspection we can still observe both processes start to converge slowly when the electric field is augmented. A high self-scattering rate denotes that the carrier has a higher mean free path which results in a higher drift velocity. On the other hand, a high acoustic scattering rate tends to randomize the electron momentum which potentially degrades its drift velocity. Therefore the drift velocity of a suspended silicene is expected to saturate at a lower field compared to silicene on Al 2 O 3 , consistent with the velocityfield curve shown in figure 3 . The percentage of surface optical phonon scattering process is around 0.05% to 0.06% and is weakly dependent on the electric field. We recall that figure 2(a) demonstrated that the variation of deformation field of the surface optical phonon scattering has minimum impact on the electron mobility; by comparison with figure 5(b) , it is clear that this scattering mechanism has a small influence on the charge transport process in silicene. Figure 6 shows the average time between scatterings for silicene for the electric field up to 40 kV cm −1 . It is interesting to take note that the scattering time for silicene is about 50 times lower than graphene [29] . While silicene on Al 2 O 3 does not exhibit a clear saturation value for the scattering time, the average time between scatterings for suspended silicene starts to saturate at 25.6 fs which corresponds to the mean free path of 13 Å. 
Conclusions
We have developed a simple and fast analytical band Monte Carlo model to model the electron transport in silicene. Using this model, the electron transport in suspended silicene and silicene on Al 2 O 3 have been studied and discussed; paying particular attention to the degradation of electron mobility when the silicene is deposited on to the Al 2 O 3 . CI scattering and surface optical phonon scattering is widely known to degrade the charge mobility in semiconductors [19] . However, for the case of silicene on Al 2 O 3 , our results show that the lowering of the Fermi velocity due to the structural reconstruction of silicene when it is deposited on top of Al 2 O 3 has a substantial impact on the electron mobility, which needs to be taken into account during device design and development. Our results could provide some fundamental understanding on the recent experimental results on silicene and could contribute towards the realization of high performance silicene FET in the near future. 
